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Abstract 
Modulation of Indonesian rainfall variability by the Madden-Julian Oscillation (MJO) has been investigated by using daily 
rainfall data obtained during 12 years at 40 rain gauge stations over the country. By calculating mean rainfall anomalies for each 
phase of the MJO we found that most stations show positive anomalies during wet phase and negative anomalies in dry phase of 
the MJO. To provide further confidence for this result, we examined the difference of rainfall anomalies between the wet phase 
and dry phase of the MJO. Interestingly, the impact of MJO phase on rainfall variation tends to influence the eastern and western 
part of Indonesia by 1 pentad lagged. It is revealed that in terms of the MJO phase, there is east-west difference in amplitude of 
rainfall variation. However, in Sumatera island seems to be different in rainfall anomaly associated with the passage of an MJO.
Overall results clearly suggest that the east-west difference on rainfall variability over Indonesian region is significantly 
controlled by the activity of the Madden-Julian Oscillation 
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1. Introduction 
Indonesia is a large area of land-sea complex consisting of more than ten thousand islands, which are located 
between the Pacific and Indian Oceans and between the Asian and Australian continents. The region experiences 
some of the most variable climate conditions in the world, and several previous studies pointed out that rainfall 
variability in this entire region is highly variable and very complex. The complex topography and incoherency of 
spatial and temporal rainfall pattern are quite a challenge for scientific investigations. Due to limited amount of rain 
gauge stations and insufficient temporal and spatial coverage of dataset particularly in high frequency recording (i.e. 
daily time scale), study on rainfall variation using rain gauge data in the region has so far been limited to small 
areas.
It has been well documented that the MJO is the dominant component of intraseasonal (20-90 day) variability in 
the tropical atmosphere. It consists of large-scale coupled pattern in atmospheric circulation and deep convection 
which originates from the western Indian Ocean and generates a convective region which moves eastward through 
Indonesian region and into the western Pacific at speed of ~5 ms-1 [1]. A number of previous studies have 
investigated characteristics of rainfall variability over the tropics that associated with the MJO by using gridded 
rainfall from satellite observations [2]. However, there have been fewer studies of the MJO-associated rainfall 
variability using rain gauge data. Examples are those in India [3], southwest Asia [4], Africa [5], the western Pacific 
[6], Australia and small part of Indonesian region [7]. There is still lack of study on station rainfall that is associated 
with the MJO over entire Indonesia.  
Undoubtedly, the rainfall variability influences the way of life of several hundred million people living in the 
region. The economic and agricultural importance of the rainfall variability is a strong motivation of the present 
study. It has been well known that the extreme events such as El Niño leads to devastating drought with low crop 
yield. On the contrary, the region experienced excess of rainfall in the La Niña years. There were several La Niña 
events that likely produced devastating floods. Study on rainfall variability in this region is necessary in order to 
improve knowledge and the quality of climate forecasting to reduce the risk of natural disaster, and to develop many 
tactical management decisions such as in farming and agricultural sectors which are known to be largely controlled 
by intraseasonal climate variability [8]. The principal objective of this study is to clarify the nature of influence of 
the intraseasonal oscillation on the rainfall variability over Indonesia using station rainfall data. By performing the 
empirical orthogonal function analysis, the MJO basic state was constructed by calculating both of its phase and 
amplitude. The results show that the MJO activity has significant impact on rainfall over Indonesia. This goal is met 
by constructing quantified maps and rainfall anomalies during the wet and dry phase of the MJO. 
2. Data and Methods  
In the present study, daily rainfall data obtained at 40 rain gauge stations distributed over the whole territory of 
Indonesian region, during period from 1979 to 1990 is used. Daily rainfall data was compiled by Hamada et al [9]. 
Pentad-averaged daily rainfall is obtained by allowing missing data for two days at maximum in each pentad at each 
station. Finally, we dividing one analysis year into 73 pentads (876 pentads for 12 years) where the first pentad 
(pentad 1) is from January 1 to 5, and the last pentad (pentad 73) is from December 27 to 31. Data on February 29 in 
a leap year has been included into pentad 12. The station names, and locations are given in Fig. 1. In order to obtain 
mean annual cycle, the original pentad-mean data have been averaged over 12 years during 1979-1990 for each 
pentad at each station.  
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Fig 1. Locations of stations used in this study. 
In order to define the phase and amplitude of the MJO state, the pentad-mean OLR data [10] during 1979-1999 is 
used. The OLR data were given on a 2.50 x 2.50 longitude and latitude grid system by National Oceanic and 
Atmospheric Administration (NOAA). Pentad mean climatology has been removed from the OLR. In this work, 
rainy season of a year is defined as a period from October through April of the subsequent year.   
2.1. Definition of the Madden-Julian Oscillation cycle 
Following Hall et al [11], the MJO cycle is defined as a combination of leading and the second mode empirical 
orthogonal functions (EOFs) of intraseasonal OLR anomalies over the tropical belt. To isolate the intraseasonal 
signals, the OLR data were filtered through 20-120 day (4-25 pentad) bandpass Butterworth filter. The leading two 
EOFs of the covariance matrix accounted for 6.4 % and 5.3 % of the variance, respectively (Fig. 2). The spatial 
structure of EOF1 shows that the MJO convective dipole with negative OLR anomalies corresponding to enhanced 
convection over the Indian Ocean and positive OLR anomalies associated with suppressed convection over the 
western Pacific, while EOF2 on the contrary has enhanced convection over Indonesian region. 
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a) EOF 1
b) EOF 2 
Fig 2. The leading and the second mode of empirical orthogonal function analysis of 20 – 120 day Butterworth bandpass filtered OLR: (a) EOF1 
and (b) EOF2. Blue (red) area denotes low (high) anomalies of OLR corresponding to enhanced (suppressed) rainfall over the Indian Ocean 
(Indonesia). 
The principal component (PC) time series of EOFs during a period of active MJO shows that PC1(t) leads the 
corresponding time series for PC2(t) by a quarter of MJO cycle corresponding to eastward propagation of the 
convective anomalies over the warm pool region with correlation of 0.7 at a lag of 2-3 pentad (Fig. 3). The MJO can 
then be represented by the vector Z in the two-dimensional phase space defined by the first two PCs as follows: 
     > @tPCtPCtZ 2,1                         (1) 
The amplitude of the MJO is then given by 
     > @tPCtPCtA 22 21                      (2) 
and the phase by 
     > @tPCtPCt 1/2tan 1 D .                     (3) 
Then the amplitude time series was smoothed by a 45-day running mean filter. The obtained time series is referred 
to as running mean amplitude (RMA). The MJO was defined active (inactive) when RMA exceeds (is smaller than) 
171 Rahmat Hidayat /  Procedia Environmental Sciences  33 ( 2016 )  167 – 177 
1 standard deviation and phase is increasing with time. Feature of the MJO cycle across the equatorial Indian and the 
western Pacific Oceans is given in Fig. 4. The counter-clockwise cycle clearly shown is an evidence of eastward 
propagation of the MJO. Finally, the phase of the MJO was grouped into four Categories A, B, C, and D. Category 
A is around the time when PC1 is maximum  qq 4545 D , similarly Categories B, C and D correspond to 
the times when PC2 is a maximum  qq 13545 D , PC1 is a minimum  qq 135135 D  and PC2 is a 
minimum  qq 45135 D , respectively (Fig. 5). Category B is defined as a wet phase and Category C as a 
dry phase of the MJO over the Indonesian region. 
Fig. 3. Lag correlation between PC1 and PC2 (red line) and auto-correlation of PC2 (blue line). 
Fig. 4. Z (equation 1) plotted indicating eastward progression of the MJO cycle from January to April 1990 (24 pentads, see legend). The
trajectory starts from the blue circle and terminates at the red circle. 
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a) Category A 
b) Category B 
c). Category C 
d) Category D 
Fig. 5. Anomaly maps of OLR for MJO Category (a) A, (b) B, (c) C, and (d) D. Red (blue) area indicates high (low) OLR anomalies. Category B 
(D) is regarded as wet (dry) phase of MJO over Indonesian region. The green rectangular box indicates Indonesian region. 
3. Results 
3.1. The Madden-Julian Oscillation
The MJO is characterized as a large-scale atmospheric perturbation with intraseasonal timescale, moving 
eastward at speed of approximately 5 meters per second in the tropical belt, and originating over the Indian Ocean, 
then going through over Indonesian region and finally decaying over the date line in the Pacific Ocean [1]. 
Convection activities that correspond to enhanced precipitation and suppression of rainfall are associated with the 
passage of an MJO. The MJO was first identified and described by Madden and Julian [12] when they analyzed data 
of near-surface zonal wind anomalies. Madden and Julian [13] also describes the MJO as the most dominant 
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intraseasonal climatic variation in the tropics. The MJO is regarded as an anomalously high and low OLR, 
associated with the eastward movement of convective activity. The MJO has a wave number of one or two. It means 
that at any time there is at least one active phase of the MJO in the tropics.  
3.2. Determination of the MJO state
The phase and amplitude of MJO was defined by standard technique using the first two empirical orthogonal 
functions (EOFs) of intraseasonal 4 – 24 pentad (20 – 120 day) bandpass filtered OLR anomalies over the tropical 
belt. The MJO cycle in OLR anomalies shows the familiar behavior in which negative (positive) OLR anomalies 
correspond to enhanced (suppressed) rainfall over the Indian Ocean (the western Pacific) as denoted as category A. 
Category B (category D) is characterized by enhanced (suppressed) rainfall over Indonesian region, so it is called as 
the wet phase (dry phase) of the MJO cycle (Fig. 5).   
3.3. Modulation of rainfall by the MJO 
In the following, we investigate how MJO modulates the rainfall variability over Indonesian region. The category 
B (category D) is referred to as wet phase (dry phase) of the MJO. Then average of the rainfall anomalies is 
calculated for each phase (A to D) at each station. Fig. 6a and 6b show station rainfall anomalies for wet and dry 
phase of the MJO over Indonesian region. By taking account of average rainfall anomalies for each phase of MJO 
during a rainy season (hereinafter referred to as RMJO), namely from October to April at most stations, it is found 
that most stations show positive anomalies during wet phase of the MJO and negative anomalies during dry phase. 
This result provides evidence that rainfall variation over the region is influenced by the MJO activity.  
 
 
(a)        (b) 
Fig. 6. Anomalies of station rainfall in B and D categories of the MJO. Colored circles indicate the rainfall anomalies at individual stations. Blue 
and red shade in (a) and (b) indicate negative and positive anomalies of OLR, respectively. Unit is mm/day. 
To provide further confidence for this result, the difference of rainfall anomalies between the wet phase and dry 
phase of the MJO is calculated (Fig. 7a). It clearly shows that the difference is positive for most stations. The 
difference in anomalies reaches to 14 mm/day at Station Panakukang (Sulawesi). It is suggested that in general the 
MJO phase can reflect in rainfall variation over the region. For 23 of total 40 stations (more than 50 %) are 
statistically significant at the 90 % level. Moreover, the influence of the MJO on Indonesian rainfall can be seen 
more clearly when I consider the amplitude of the MJO activity. Here, the MJO is defined as ‘active’ (hereinafter 
referred to as RAMJO) if 45-day running mean of the amplitude (RMA) exceeds one standard deviation and phase (
D ) increases with time. We construct the difference of anomalies (Category B minus Category D) map for active 
MJO (RAMJO; Fig. 7b). Again, overwhelming majority of stations the difference is positive. The difference is 
significant at 90 % level at 17 of the total 40 stations. This implies that when the MJO is active, differences in 
rainfall anomalies also increase and at 26 of 40 stations differences increased. This suggests that not only phase but 
also amplitude of the MJO activity plays an important role in the rainfall variability over the region. 
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a       b 
Fig. 7. Difference in rainfall anomalies between wet phase (Category B) and dry phase (Category D) for rainy season (RMJO; a) and rainy active 
MJO (RAMJO; b). Color in circles indicates the difference between the two phases. Large circles indicate station with significant difference at 
90% level. Unit is mm/day. 
Although the prominent MJO signals were found in rainfall over most of the regions during both of RMJO and 
RAMJO, there are a few stations which record negative anomalies during wet phase (Category B) in both time 
periods. It may be caused by insufficient data record at those stations as found in Sigli (Sumatera), Pontianak and 
Tarakan (Kalimantan), Tasikmalaya (Jawa).  
In order to provide a plausible explanation for these negative anomalies that are found in some stations due to 
poor data recording, the same calculation was repeated for different criteria of data availability; 30%, 50%, and 70% 
(not shown). Those Figures show phase differences between Category B and Category D during RMJO and RAMJO 
for station where criterion of 30, 50 and 70 percent of data availability is satisfied, respectively. During RMJO the 
number of available stations reduced when more strict condition is taken: 36 stations, 29 stations and 17 stations for 
condition of 30, 50 and 70 percent data availability, respectively. Moreover, for RAMJO spatial coverage of the data 
is more reduced for the three conditions, respectively: 32 stations, 24 stations and 11 stations. In the latter 
(RAMJO), however most stations show positive difference (Category B minus Category D) in rainfall anomalies 
and all station show positive difference for the condition of 30, 50 and 70 percent data availability. It is therefore 
concluded that the negative difference (Category B minus Category D) that emerged at several stations are caused 
by insufficient data recording at those stations. 
In order to quantify the MJO-induced rainfall variability over the region, Fig. 8a, 9a and 10a was presented. 
These figures depict the comparison among wet phase averaged rainfall, dry phase averaged rainfall, and rainfall 
average during all seasons (rainy and dry seasons; Fig. 8a), RMJO (Fig. 9a), and RAMJO (Fig. 10a), respectively. It 
shows a common feature that wet phase averaged rainfall is dominant at most stations, and it reaches the maximum 
value during RAMJO. Fig. 8b, 9b and 10b show that the increase (decrease) of wet (dry) phase averaged rainfall is 
greater in RAMJO (Fig. 10b) than RMJO (Fig. 9b) and all season (Fig. 8b). In case of all seasons, increase 
(decrease) of rainfall reached to 60% (30%) in wet (dry) phase event as found at Sulawesi, Nusa Tenggara, and 
Maluku - Irian Jaya regions. A similar feature also appeared during RMJO and RAMJO when the increase 
(decrease) of rainfall reached to 70% (40%) and 90% (40%), respectively.  
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   a       b  
Fig. 8. Averaged rainfall in wet and dry phases of the MJO (a) and relative increase (or decrease) of rainfall in wet and dry phases of the MJO (b), 
for all season. The red, green and blue bars indicate wet phase (Category B), all phases (Categories A to D), and dry phase (Category D), 
respectively. 
Fig. 9. As Fig. 8 but for RMJO. 
Fig. 10. As Fig. 8 but for RAMJO. 
One interesting point is that the impact of MJO phase on rainfall variation tends to be larger in the eastern part of 
Indonesia than the western part. When we consider the amplitude of MJO activity, however, influence of the MJO 
activity at some stations in western part of the region becomes intensified. It is revealed that in terms of the MJO 
phase, there is an east-west difference in amplitude of rainfall variation. Overall results clearly suggest that the 
rainfall variability over Indonesian region is modulated significantly by the activity of the Madden-Julian 
Oscillation. 
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4. Discussion 
In the present study, it is clearly that the rainfall variability is associated with the MJO activity over Indonesian 
region. Following Hall et al. (2001), the phase and amplitude of the MJO cycle is calculated by performing the EOF 
analysis of the tropical OLR data. Matthews and Li [6] used the same method to investigate modulation of station 
rainfall by the MJO over the western Pacific area. Similarly, we extended the analysis to investigate rainfall 
variability in ‘active MJO’ that was obtained by the amplitude of intraseasonal OLR variation. Taking advantage of 
using phase and amplitude of the MJO, it is presented quantitatively the role of the MJO in controlling rainfall 
variability over the region. Since rainfall variability over Indonesia varies from region to region as pointed out by a 
number of previous studies, here, we attempted to clarify that variability prior to investigating the MJO-influenced 
rainfall variability in Indonesian region.   
It is shown that Indonesian rainfall variability is largely controlled by the MJO activity particularly in the eastern 
part of the region. This result is in line with several previous studies regarding this topic [4, 6]. All stations with 
good data coverage tend to show positive anomalies in the wet phase of the MJO and negative anomalies in dry 
phase (Fig. 6). We also presented that the difference between the wet and dry phases (B minus D) shows positive 
difference in rainfall anomalies at most stations (Fig. 7). Moreover, the difference between those two phases is 
larger in the eastern part of the region than in the western part (Fig. 8b, 9b and 10b). Again, it supports that the MJO 
modulates rainfall variability at least in the eastern part of the region.      
Here is a simple mechanism [14] to explain how the MJO modulates the rainfall variability. During Category A, 
Indonesian region is in transition from the reduced convection phase of the MJO, moving eastward, to the 
approaching active convective phase of the MJO. In this stage, increased convection and low-level westerly exist 
over the western part of Indonesia which is denoted by low OLR anomaly. In Category B is so-called the ‘wet 
phase’ and corresponds to enhanced convective phase of the MJO. This convection is mostly centered over the 
eastern portion of Indonesia so that low-level westerlies exist throughout the region and convergence is growing 
over the center of this region. Category C is another transition phase when the active convection of the MJO has 
moved to equatorial western Pacific and the reduced convection phase is approaching Indonesia from the west. In 
this stage, low level equatorial westerly (easterly) anomalies are found to the east (west) of Indonesia. Therefore, 
Category D is called dry phase of the MJO. In this stage, the reduced convection regime of the MJO has passed 
through Indonesia region where equatorial easterly anomalies existed. In this way, rainfall over this region is 
modulated by the MJO activity.  
According to the result, it is identified the existence of west-east regional differences in which western part of the 
region that seems to be slightly influenced by the MJO. Why does the western part of the region seem to be less 
controlled by the MJO? This might be explained by the categorization of the MJO cycle. Here, Category B is 
considered as wet phase of the MJO. In that phase, convection is centered over the eastern part of Indonesia so that 
convection system tends to influence the rainfall variability in eastern part than western part. It is speculated that 
Category A of the MJO may strongly control the rainfall variability over the western part.   
As the MJO propagates eastward from over the tropical Indian Ocean, corresponding change in the precipitation 
pattern over Indonesian region occurred. Enhanced and suppressed precipitation over Indonesia correspond to the 
passage of the MJO. In terms of MJO phase the rainfall variability over eastern part of the region is largely 
modulated by the MJO activity. However, when we consider the MJO amplitude, influence of MJO at some stations 
in the western part becomes intensified. It suggests that considering both phase and amplitude of the MJO activity is 
important to understand rainfall variability over Indonesia. 
Considering aforementioned mechanism by which the MJO induced east-west regional difference in rainfall 
anomalies, it is necessary to investigate in detail the activity of convection system that is developed over 
surrounding region by examining wind field as well as local/remote sea surface temperatures (SSTs) which are 
beyond the scope of the present study. 
For the future analysis, several key points can readily be identified. More observational station rainfall in 
daily/pentad record with more consistent reporting (temporal and spatial coverage) would be very helpful for better 
verification of the strength and extent of the signal suggested by OLR. More sophisticated approach to both of phase 
and amplitude of the MJO is desirable since analysis of Hall et al. [11] is needed to be improved in order to resolve 
the presence of east-west differences.   
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5. Conclusion 
Influence of the MJO oscillation on Indonesian rainfall variation is examined. A numerous previous studies have 
well documented the relationship between station rainfall and the MJO. However, there is lack of study concerning 
Indonesian region as a major part. The present study fills such ‘gap of study’ the influence of the MJO on rainfall 
variation. By taking advantage of EOF analysis for obtaining the basic state of the MJO activity and based on 
analysis of pentad-mean rainfall obtained at 40 rain gauge stations, it is clearly that Indonesian rainfall variation is 
modulated by the MJO. In general the MJO phase can reflect in rainfall variation over Indonesian region. For 23 of 
total 40 stations (more than 50 %) are statistically significant at the 90 % level. But, when the MJO is active, 
differences in rainfall anomalies increase and at 26 of 40 stations differences increased. These suggest that not only 
phase but also amplitude of the MJO activity plays an important role in Indonesian rainfall variability. As the MJO 
propagates eastward from the tropical Indian Ocean, corresponding change in the precipitation pattern over 
Indonesian region occurred. Enhanced and suppressed precipitation in Indonesian region corresponds to the passage 
of the MJO. Based on the phase and amplitude of MJO, the positive (negative) rainfall anomalies corresponding to 
wet (dry) phase is established. Considering both of phase and amplitude of the MJO, it is clearly shown that during 
rainy season the MJO activity has considerable influence on rainfall variability over Indonesia. Therefore, the MJO 
activity is considered as a crucial element to resolve the multi-scaled complex rainfall variability in at least some 
part of Indonesia. 
References 
1. Zhang C. Madden-Julian Oscillation. Review Geophysics 2005;43, RG2003, doi:10.1029/2004RG000158. 
2. Ichikawa HYasunari T. Time-space characteristics of diurnal rainfall over Borneo and surrounding oceans as observed by TRMM-PR. 
Journal of Climate 2006;19:1238-1260. 
3. Krishnamurthy V, Shukla J. Intraseasonal and interannual variability of rainfall over India. Journal of Climate 2000;13:4366-4377. 
4. Barlow W, et al., Modulation of Daily Precipitation over southwest Asia by the Madden-Julian oscillation. Monthly Weather Review,
2005;133:3579-3594. 
5. Mutai C, Ward M. East African rainfall and the tropical circulation/convection on intraseasonal to interannual timescales. Jounal of Climate
2000;13:3915-3939. 
6. Matthews AJ, Li HY. Modulation of station rainfall over the western Pacific by the Madden-Julian oscillation. Geophysics Research Letter
2005;32, L14827, doi:1029/2005GL02359. 
7. Wheeler M, McBride J. Australian-Indonesian monsoon, in intraseasonal variability in the atmosphere-ocean climate system edited by W. 
K. M, Lau and D. E. Waliser, Springer New York., 2005:125-173 
8. Donald AM, et al., Near-global impact of the Madden-Julian oscillation on rainfall. Geophysics Research Letter 2006;33, L09704, 
doi:1029/2005GL025155. 
9. Hamada JI, et al. Spatial and temporal of the rainy season over Indonesia and their link to ENSO. Journal Meteorology Society of Japan
2002;80:285-310. 
10. Lucas LE, et al. Estimating the satellite equatorial crossing time biases in the daily, global outgoing longwave radiation dataset. Journal of 
Climate 2001;14:2583-2605. 
11. Hall JD, et al. The modulation of tropical cyclone activity in Australian region by the Madden-Julian oscillation. Monthy Weather Review
2001;129:2970-2982. 
12. Madden RA, Julian PR. Detection of a 40-50 day oscillation in zonal wind in tropical Pacific. Journal of Atmospheric Science 1971;28:702-
708. 
13. Madden RA, Julian PR. Observations of the 40-50-day tropical oscillation – A review. Monthy Weather Review 1994;122:814-837. 
14. Chang CP. Synoptic disturbances over the equatorial South China Sea and western maritime continent during boreal winter. Monthly
Weather Review 2005;133:489-503. 
